Alchemical derivatives of reaction energetics
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Based on molecular grand canonical ensemble density uraittheory, we present a theoretical description
of how reaction barriers and enthalpies change as atom®isystem are subjected to alchemical transforma-
tions, from one element into another. The change in the grigagier for the umbrella inversion of ammonia
is calculated along an alchemical path in which the molemuteansformed into water, and the change in the
enthalpy of protonation for methane is calculated as theeoudé is transformed into a neon atem ammonia,
water, and hydrogen fluoride. Alchemical derivatives afdewated analytically from the electrostatic potential
in the unperturbed system, and compared to numerical dimégacalculated with finite difference interpolation
of the pseudopotentials for the atoms being transformeadG@greement is found between the analytical and
numerical derivatives. Alchemical derivatives are alsovaito be predictive for integer changes in atomic num-
bers for oxygen binding to a 79-atom palladium nanopartidliestrating their potential use in gradient-based
optimization algorithms for the rational design of cataédys

I. INTRODUCTION In particular, we choose a subset of CCS including only sta-
ble compounds containing 10 protons and electrons, such as
Sg{-u, where a central atom is saturated with hydrogens. Table
I shows the alchemical paths and properties which have been
cjpvestigated. Reaction protonation enthalpies along tlue f
continuous transformations, GH- NHz — H,O — HF —

Chemical compound space (CCS) can be defined as the
of all combinations of chemical elements in all geometriz is
mers. Combinatorial exploration of CCS has been used to pr

duce large virtual chemical databases [1, 2] which would the -
need to be searched to find the compound with the propert)/s: have been computed, as well as the activation energy for
e umbrella flipping of ammonia as it is continuously trans-

of interest [3-5]. More efficient approaches to search CC . X . .
ormed into a water molecule. Analytical alchemical deriva

include simulated annealing [6], genetic algorithms [Tlise ) | h stoichi trical t p i |
ter expansions that can be combined with density functiona]tl'ves along each stoichiometrical transformation werewa
ated and compared to their finite difference analogue.

h imizati Ichemical i
theory [8], optimizations based on alchemical gradients [9 Secondly, we examine alchemical derivatives for the bind-

12], or various optimization methods in the coefficient spac . i
ing energy of oxygen to a nanopatrticle. It has been shown by

of linear combinations of atomic potentials [13-18]. L
Th i f chemical . that invol terwskov and coworkers [19] that the binding energy of oxy-
€ energetics ol chemical reactions that INVolve geomety o 1 5 metal surface can be used to predict its catalytic ac-

:lhc_al cthznges arg drelevemt fo]rcrmatm); |mpqrtanttp_hﬁr_10metlr1a. ! vity for the oxygen reduction reaction. This reactionfis-i
IS study, we address the €eliect of varying stoichiometry o portant because it limits the kinetics in fuel cell cathadé®

prct)i‘\)/e:itlisbwrrlic? ar(rarexp[[liC|:1ly gfhoT?try dependent, such 4show how alchemical derivatives can be used to navigate the
ac .a onbarmers o gac on enthalpies. . CCS of nanopatrticles to tune the oxygen binding energy.
First, we have studied the effect of alchemical transforma- |, these examples, we show how analytic alchemical
tion for simple molecular model systems, for which we cangerivatives, which can be evaluated from single point eperg
easily assess accuracy and demonstrate numerical fégsibil cg|culations, are consistent with finite difference deiwes
calculated from interpolation of the pseudopotentials. We
also show how well the analytic derivatives are for predigti
TABLE I: Investigated properties, reaction enthalpid$and energy changes in binding energies and barriers over integer @mng

barriers B, and chemical species connected by alchemical path;%n atomic number;. T_his iS_ partiCl_JIarIy important_ fo_r th_@us
via the order paramete. (0< A < 1) of alchemical derivatives in gradient based optimizatién o

material properties.

A=0 A=1 property

CHs NHz  AH

NH3; H,O AH, B3¢t II. THEORY

H,O HF  AH

HE Ne AH A. Taylor expansion in chemical space

Free energy differences can be evaluated between any two
distinct thermodynamic states through thermodynamic-inte
*Electronic addresshenkel man@mi | . ut exas. edu gration [20, 21], and variants of it, such as free energyyert
TElectronic addressavonl i @andi a. gov bation methods [22]. Typically, an order paramekeiis used



to drive the system from one state to the other. Integrati@n o tions with a constanNe equal to 8 valence electrons (iso-
the statistical mechanical ensemble averages of the fexe o electronic). For such paths Eq. (2) reduces to

A yields the free energy difference between the two states. In

the same way, we use hexeo express a compound’s poten- O\E = /dr Un(r) 0y Z(r). (3)

tial energy as a Taylor expansion in CCS around a reference

compound, whera = 0 and the energy i&°. The energy of The alchemical derivative of Eq. (3) describes the change in
any other compound, for which= 1, is approximated as energy along the pathas the integral over the change in pro-
ton densityZ(r), times the nuclear chemical potential(r).

E(A\=1)=E°+0,E° d\ + %afEO dA\24HOT (1)
where & = 1, 9, E denotes the derivative & with respect to B. Alchemical derivatives
A and HOT are the higher order terms.

Within density functional theory (DFT) [23], a compound
is defined by its proton density distributioZ(r), and the
number of electrons Nwhich—after the self-consistent field Nerf(alr —r'|) — p(r)
cycle—yield the ground state electron dengityThese quan- /d ! - 4)
tities constitute the extensive particle variables witimalec- r=ri
ular grand canonical DFT [10]. Since we explicitly focus on modified with an error function to switch off intra-nucleat i
compounds with different geometries it is now convenient toteractions. This switching function is required for anyor
include the positions of the nucléR, } in the set of extensive which Z(r) > 0, i.e. at an atomic centd®;. At this point,
variables, assuming the conventional classical pointggar proton density would be added to an existing nucleus, diverg
distribution of atomic numberg,(r) = 3, N;8(R| —r), where  ing the electrostatic interaction. In principle, choosingmall

The nuclear chemical potentialiy(r), was derived in
Ref. 10 as an electrostatic potential,

N is the atomic number of atoin _ value ofo will eliminate such divergences from the integral.
Consequently, the first order term from Eq. (1) is In practice, the nuclear chargeRi is simply excluded from
the evaluation ofi,(Ry).
HE = /dr dznE aAZ(r)+ZaR|E‘a)\RI C_hanging the proton density at the nuclei is of particu-
lar interest because this changes an atom from one element
+0NE 9\Ne to another. The corresponding molecular nuclear alchdmica
derivative can be defined as the sum over the product of al-
= /df Hn(r) 0xZ(r) ZFl R chemical potentials with changes in atomic number,
+He Op Ne. (2) 0\E = ZHH(RI) 0N . (5)

The nuclear chemical potentidz\E = p(r), is the deriva-

tive of the energy with respect to variation in the nuclear

charge distribution. At the position of atom (R, ) is the

derivative of the energy with respect to the nuclear charg

Z(Ry). It is therefore called the “alchemical potential.” The

ionic forces,{F,}, are the negative gradients of the energy

with respect Eo a}tomic position. The electronic chemical po O\AE = /dr Apin(r) 03 Z(), 6

tential e is the derivative of the energy with respect to a

change in N, i.e. the molecular eigenvalue of the highest oc-WhereApn(r) = PR(r) — 1&(r). In the special case that all nu-

cupied molecular Kohn-Sham orbital [24, 25]. clei have the same position in molecukeandb, so{R{} =
Analogously, the second order term from Eq. (1) can{R|} {R}, the alchemical potential difference reduces ac-

be obtained, and contains all the pure and mixed seccordingto Eq. 4 to

ond order derivatives such as: the alchemical hardness

The focus of this work is to calculate the alchemical deieat
of an energy differencé\E = EP — E2, between two molec-
ular geometrie§R?} and{RP}. This can be written in terms
%f a difference in the nuclear chemical potential,

82(11z2(/)E = 8z(r1)Mn(r) = Nn(r, '); the electronic hardness, Mun(Ri) = pr(Ri) — IR(R )
ONeON.E = OneMe = Ne; and the Hessian matriXg, Or, E = B /dr PP(r) — p3(r) )
Or,Fi = Kkyy; the “force Fukui” function &z \0r E = o |R| — r|

—0z(r)FI = 0r, kn(r) = ff(Ry,r); the molecular Fukui func- _ -
tion 0.0z (1)E = ONeHn(r) = O7(r)He = fm(r); and the nuclear wherep?(r) andp°(r) are the electronic charge densities in
Fukui functiondn0r, E = —0nFi = 0r, He = fn(R1). moleculesa andb respectively.

The (arbitrary) path along can be chosen to simplify the
number of terms in Eq. (2). For the small molecules in the

first part of this study, we have chosen to relax the geometry C. Varying molecular geometries
of the molecule along so thatE(A) is minimal with respect
to geometrical variation, and the term containlhganishes. Here we are interested in energy differences between

Furthermore, we restrict ourselves to alchemical tramséor  molecules with different geometries, whef&?} # {RP}.



A la b geometry of the molecule is held fixed, the alchemical poten-
tial is defined everywhere in space

R? () = & )EP™ (12)
= pOHHT () — o) — i (r)

B [a o b° o Note that_ this expressiqn describes thg energy qf adding pro
: ton density anywhere in space, not just at existing atoms.
There is, however, a subtlety in Eq. (12) related to how re-

R{ = R : ; . ) .
: ; action energies are calculated with DFT. The three terms in
5 0/\] ; Eg. (11) are calculated separately as illustrated in Fig).1(
e ' Even though the atoms are fixed in spa¢(r) andp " (r)
are calculated in the difference spad#sand b”; they do

FIG. 1: (A) Activation energies are calculated as the eneliffer- not share the same coordinate, To calculate an alchemi-

ence between two geometries; the corresponding alchemétaia- 5| change in the energy one must decide in which space the
tive at atoml is defined in Eq. 9. (B) In a dissociation reaction where h mol H' If the ch is imm! thenuH*

atoml is only present in the reactant and product speeedt/, re- ~ ©1@NG€ OCCUIS, ™ Orr. € change IS I enty,
spectively, spact’ does not contribute to the alchemical derivative Vanishes in Eq. (12).

A|J.n7| .

E. Alchemical derivatives via finite difference

When the position of nucleuschanges, the alchemical po- _ o o
tential difference can no longer be defined at the position of EQ. (5) can be written as a finite difference derivative,
the nucleus aAun(R)). Instead, we use the index of the nu-

bn(R1) AE AE AN,

cleus,l, to identify the alchemical potential difference, — 5 — 1 (13)
AN AN, AA
Ay = K3(R?) — HA(R?), (8) _ _ _

Note here thafAE is a change in energy with respectt@nd

and the derivative of the energy difference aldnig not a change with respect to geometry, as in Eq. (6). In stan-
dard electronic structure calculations the atomic numblgrs

0\AE = ZA“M o\N. (9) areintegers. The alchemical potentisE, /AN, could be eval-

uated with integeN;, but we are interested in using a smaller

(non-integer) finite difference step size in order to numedty
verify the analytic derivative from Eq. (4). To this end we
D. Activation and protonation energies choose to represent an atom with a fractional atomic number
by a pseudopotential that is linearly interpolated betwiben
Two examples of reaction energetics involving moleculesatoms of nearest integer atomic numbers. For example, an
of different geometries are illustrated schematicallyig.#,  atom which is fractionally higher by an amouhtthan the
an activation energy (A) and a protonation energy (B). Theatomic species with integer atomic numib&rthe pseudopo-
activation energy is the energy difference between two getential is interpolated as
ometries, the initial statéR\""} and the transition stateR[s},

. PP PP PP
Eact— Ets_ Nt |ts derivative along the pathis Wt = (1= F)W™+ PV (14)
NS “gct MN (10) With interpolated pseudopotentials we can calculate oth
Z ! ’ andp, at any non-integer value & and thus the finite dif-

ference derivatives for any value af along an alchemical
wherel85' = LS(R}) — it (R, transition. Energies were calculated along pats, [0,1],
The reaction energE™" and its alchemical potential at in increments of 0.1. Finite difference alchemical detived
atoml, W2, are defined in analogy, substituting the final statewere taken at these points using central difference witle@ st
for the transition state. In this work, we chose the protmmat  Size ofAA = 0.005.
of a molecule as the reaction energy to be calculated,

gProt _ gmok-Ht _ pmol _ gH* (11) . COMPUTATIONAL DETAILS

This is illustrated in Fig. 1(B) whera is the protonated DFT [23, 26] calculations were preformed using the gen-
molecule andb contains both the isolated molecul#)(and  eralized gradient approximated exchange-correlatioerpot
proton @"). When the molecular geometry is relaxed, thetial PBE [27], as implemented in Vienrab initio simulation
alchemical derivatives at the atoms can be calculated usingackage, VASP [28, 29]. Core electrons were represented us-
Eq. (8) and the derivative &P™! alongA using Eq. (9). Ifthe ing the projector augmented wave method [30, 31]; valence



electrons with a plane wave basis set up to an energy cut- (A) (B) EA=00
off of 400 eV. A cubic cell of dimension 18 was used for 0.2} H E2 |e A=03
molecules and 2@ for nanoparticles. Geometry relaxation N—H kb—g 4A=05
was continued until the force dropped below 0.01&Vér 3 [ % < Kp T ;f?-g
each atom. In VASP charged cells are with a uniform back-z 41 \N d —
ground counter-charge. 3 H

Analytical alchemical potentials were evaluated from °© - j / @
Eq. (4) on a uniform grid with 20-30 poin#s/using the elec-

4 . - : 0.0} w28 oo SN
trostatic potential output. To reduce finite grid-baseaesr ) 05 10 00 05 10
when taking differences such as in Eqg. (8) the position of the reaction coordinate A
atomsR? andRP were translated to the same position on the
grid.

) . ) FIG. 2: (A) The minimum energy path for the umbrella inversif

A calculation ofd) E requires a path of alchemical transfor- NH; passes through a planar transition state. This path is shawn
mationN; (A) connecting the initial and final atomic number several values ok, where NH (A = 0) is alchemically transformed
N2 andNP. We have chosen paths in which tNevary lin-  to H,0 (A = 1). (B) E*tfor the inversion process as a functiomof

early inA, The structures of the transition states are shown for sedues of
Ni(N) = (1—A) NA+ANP. (15)
This choice is convenient because the derivative is a consta _ _ o .
along the path, We are interested in how the flipping barrier changes as
b o we alchemically transform Nglinto a different molecule —
O\Ni(A) = 0\Ni = NP — NF, (16)  H,0 in this example. Water was chosen in part because it is

a neighbor to ammonia in the alchemical space of molecules
with unit changes in atomic numbers, and also because the
flipping process for HO becomes a rotation with no energy
IV. RESULTS AND DISCUSSION barrier. This provides a convenient test case for the caicul
tion of activation energies and the corresponding dereati

Two test cases are used to verify that the analytic alchemi2/oNg,an alchemical transformation where in the limidof-

cal derivatives are consistent with numerical finite diéiece 1,E%lis knowpa priori to be zgro: i )
derivatives of the pseudopotentials. First, the umbreipa fi  The alchemical transformation is definedXbgoing from 0
ping of ammonia is used to test the change in activation enef0 1 as NH is mutated to HO. We have chosen the transfor-
gies. Then, second, the protonation of small moleculessd us Mation to correspond to the simultaneous addition of a proto
to test derivatives in reaction enthalpies for both frozed a the central atom and the annihilation of a H nucleus, lingarl
relaxed geometries. In both cases, there is good agreemed® defined in Eq. (15). Figure 2(B) shows how the activation
between the analytical and numerical alchemical derieativ €nergy for the inversion barrier of Ntffirst decreases only
Finally, we show a more interesting example of oxygen bind-Slightly, then decays more rapidly, and finally vanisheshas t
ing to a palladium nanoparticle. This final case is motivagd Molecule is transformed into®.
Ngrskov and coworkers who showed that the binding energy The usefulness of alchemical derivatives for compound de-
of oxygen to a metal surface correlates to its catalytioséigti ~ Sign can be measured by how well they can extrapolate to in-
for the oxygen reduction reaction [19]. Here, we test the preteger changes iNj, corresponding to elements which exist in
dictive power of the alchemical derivatives for integerepas ~ nature. For the alchemical transformation betweensNHd
in the atomic number of the metal atoms in the nanoparticleti20, the {N;} change linearly i\ [Eq. (15)], but the prop-
and show that the derivatives can be used to tune the bindirgyty, E2° has significant curvature alorg In Fig. 2(B), one
energy of oxygen with respect to the particle composition. can see how the linear extrapolation based on the derivattive
Ea°t with respect ta\ at H,O would yield a reasonable pre-
diction for the barrier of NH, whereas the derivative at NH
A. Activation energies would significantly overestimate the flipping barrier ag
Current efforts aim to determine alchemical paths that have
The energy barrieris a geometry dependent property Wher&rst order derivatives that are more amenable to extra’mmiat
the configurations of the transition state and initial stifier ~ to new compounds [12].
and as such explicitly requires the nuclei mapping desdribe In previous work, relaxation of the forcg} for points
in Eq. 8 to calculate the alchemical potential. We have calcualongA was only done for one structure because of the con-
lated the barrier for the umbrella flipping of ammonia. NH straint, {R?} = {RP} [34]. Using Eq. (8), this constraint is
has two degenerate energy minima, a pyramidal structute witlifted, and the structures are relaxed independently. Tastm
Csn symmetry and its mirror plane conformer. Figure 2(A) prominent geometry change of both the transition statelaad t
shows a nudged elastic band [32, 33] calculation of the flipinitial state as ammonia is converted to water aladngs the
ping barrier with a planar transition state and an activatio bond-length between the central atom and the hydrogen being
energy of 0.21 eV. annihilated. Figure 3 shows that the bond-length increases

and depends only on the endpoints.
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1. Fixed geometries

In the case of fixed geometries we chose the relaxeg NH
structure as the common structure for all of the molecules. F
different molecules, such as,B, the central atom, O, was
located at the N position and the two hydrogen atoms were in
two of the four equivalent H positions. In the case of Cih
extra hydrogen atom was relaxed in the fixed Nstructure,
and then kept fixed for its alchemical transformation.

With fixed geometries the alchemical potential for protona-
tion is defined over all space according to Eq. (12). This is
a useful function because it shows where a new atom should
be added to change a desired property—in this case the pro-
tonation energy. Figure 4 shows isosurfaces of the alchemic
potentialh™®(r) for all the five compounds. Inside each of
these surfaces, the change in energy is over 7 eV/protohdor t
molecule shown as compared to the de-protonated molecule
without the uppermost proton. We note some features of the

FIG. 3: The bond distance between the central atom and th@hyd alchemical potential. First, the potential is very highward

gen being annihilated increases alon@or both the relaxed initial
structure{R"'} and the relaxed transition staf®|>} for the um-
brella flipping process.

HF +H*

Ne +H*

CH,+H* NH, +H*

H,O+H*

FIG. 4: Isosurfaces of the alchemical poten[,i&rf)t(r) =7 eV from
Eq. (12) are shown for the protonated methane series usiogee
tries fixed to NH .

the same rate for both the optimized initial state and the con
verged transition state. As the bond lengthens, the intierac
between the fractional proton and the rest of the molecue d

creases until it vanishes At= 1.

B. Protonation energies

e

the uppermost proton because this is the proton which was
added to calculate the protonation energy. Adding further
proton density near this same location gives rise to the high
electrostatic potential. Second, as one would expect ftem t
Coulomb-explosion of water, the alchemical potential is al
ways positive, indicating that at no point in space does the
alchemical addition of an extra proton to the system faver th
protonation energy—-the energy of protonation increases a
protons are added.

The alchemical change we have considered is an increase in
the nuclear number of the central atom. At the same time, the
proton in a bonded H atom is eliminated so the total num-
ber of protons is constant over the sequence of alchemical
transformations, Cild— NH3, NH3 — H»>O, H,O — HF, and
HF — Ne. The alchemical potential of protonation is posi-
tive for each of these molecules, but the alchemical deriva-
tive along these paths also includes the proton annihilatio
The change in protonation energy along these paths is the
difference in alchemical potentials at the central atom aind
the proton being removed. Figure 5 shows how the proto-
nation energies change along the alchemical transformstio
and how the difference in energy between the unfavorable ad-
dition of a proton at the center nucleus and the favorable H
annihilation can lead to a lower overall energy. Fractional
clei are treated using the numerical interpolations dbscrin
Sec. Il E so that energies can be calculated along the alehemi
cal mutation.

2. Relaxed geometries

The second geometry-dependent property we discuss is the The effect of molecular relaxation is shown in Fig. 5 to

protonation energy for a set of iso-electronic moleculd$; C  be particularly significant for the first transformation ween

NH3, H2O, HF, and Ne. In the case of GHfor exam- CH, and NH. There are two possible alchemical transfor-
ple, the protonation energy defined in Eq. (11)E8° =  mations between these molecules in a fixed geometry case
ECHs+H" _ECHs _EM" The choice of this property is moti- because the protonated ¢Hmolecule has symmetrically
vated by the fact that it can be evaluated both for frozen andionequivalent protons, those which are neighboring the pro
relaxed geometries, allowing to measure the effect of geomdonating H™ and those which are not. The two different al-
try relaxation when calculating alchemical derivatives. chemical paths correspond to which type of proton is being
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FIG. 6: Correlation of the analytical [Eq. (9)] and numetica
[Eq. (13)] alchemical derivativeApn 1 0y N1 andApin ¢ 9 Nc, for all
paths and all values &f The inset shows a similar correlation for the
sum of these atomic components, which give derivativesebthd-
ing and activation energies along the alchemical pathsliteTa

FIG. 5: Left to right is the protonation energy as &4 alchem-
ically transformed into Ne. The structures shown as insedstize
protonated endpoints whose pseudopotentials have bespatated
when following alchemical paths. For each alchemical paghum-
ber of protons on the central nucleus is increased by one agpdra-
gen nucleus is concurrently annihilated. The solid symtepgesent
configurations fixed to the optimal I\legeometry and the empty
symbols are relaxed. A consequence of using fixed structsiteat  lated hydrogen and reducestigE = Apin 1 O\ Ni +Aptn c O\ N,
all hydrogens are symmetrically equivalent for the Cheometry; ~ where H and c indicate the hydrogen and central atom, respec-
two separate paths emerge by selecting which hydrogen is tmb  tively. For our linear transformation8, N; = —0)\Ny = 1.
nihilated. In Fig. 6 the accuracy of the individual termii, 1 9) Ny

and Ap, 95N are compared separately to finite difference

inilated | . h . d derivatives inA as obtained from Eq. (13). The data is for
annihilated. Upon relaxation, the asymmetry is removed a3 naths at each intermedialevalues considered for this

the molecules move to a_single minimum energy structure. A§tudy. For the two applications, barrier and reaction eptha
one would expect, the difference between the fixed-geometr,

L We have computed the alchemical potential terms according t
an(_j relaxedjgeometry paths are most S|gn|f|cantfor moéecul Egs. (10, 12). We find a correlation with a root-mean-square
V.Vh'Ch are hlghly strained, such as the Li'liglndpomt O.f the deviation of 0.29 eV for the barriers, and 0.26 eV (fixed-
first transition. I_n the subsequent transitions, the fixed an eometry) and 0.44 eV (relaxed-geometry) for the reaction
rgla_xed geometnes_are "T‘“C_h closer. Asin the case of amm nthalpies. The remaining deviation from the finite differe
nia Inversion, there is a S|gn|f|c§1n_t curvatgre in the alcimam. results is most likely due to the pseudopotential interpata
g:msa;\\// zg?orrei?\?ecge;r ?heaﬁgicgﬁwe quality of the aIChemlcaused to calculaté}A% which is not the_sa_me as the analytical

' 0)Z. Nonetheless, the pseudopotential is designed to model an
atom with atomic numbez£, so that linear changesin the pseu-
C. Alchemical potentials iolnogotential are a reasonable approximation to linear chang

To separate and validate the derivatives in Eq. (2) we fo-
cus only on the alchemical ter@E = [dr p,(r)0,Z(r), as o _
specified in Eq. (3). This is accomplished by choosing a sys- D.  Oxygen binding on a Pd nanoparticle
tem whereN; is constant, i.ed,Ne = 0. The second term in
Eqg. (2) is also zeroed by relaxing the ions along the path so For the alchemical potential to be useful for rational com-
{Fi} = 0. We have a particular interest in validating the ana-pound design it must be predictive for changes in the prgpert
lytical calculation ofApy, | from Eq. (7) because it is from this of interest between real materials. Consequently, thenpote
calculation thad, AE depends, to first order. tial must be sufficiently accurate in predicting changesto t
In this study, every transforming path involves the alchemi property, and ideally the property should depend lineary o
cal mutation of two atoms, the simultaneous annihilatioa of N,. The numerical accuracy of the analytical alchemical po-
protonin a hydrogen atom and the increase of the atomic nuntential has been demonstrated in the previous sections, Her
ber of a central atom to which it is bound. As such, Eq. (9) iswe address the predictive quality for the binding of molecul
only non-zero for changes at the central atom and the annihibxygen to the hollow site in the center of the (111) face of a
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FIG. 7: The alchemical potentiafll9, calculated from Egs. (8,17), 2 Of A°°B
for the binding of O to a 79 atom Pd nanopatrticle. Colors repre '-Em E G H
sent the value of the alchemical potential on each atom. Tkere < 1F | o
oxygen binding atoms colored in red should be changed to tire m é’°
noble Ag and atoms colored in blue should be changed to Rh. The L G | J 22
opposite transformations should be made to strengthenxygea 1O A s A

79 atom Pd nanoparticle. The property can be expressed g g: correlation of alchemically predicted changid Pndd\ for

the form of Eq. (11) as dA = 1, with actual changes to the binding eneyg®"9, of molec-
1 ular oxygen to a 79 atom Pd cluster (initial) due to integerateons
gbind _ pgPd79+O _ pPd79_ —pO2 (17) in atomic numbers _(fina_l). The final systems correspond toptem
2 mentary mutant pairs with Jp-symmetry.

As in the previous examples, we isolate the first, nuclean ter

of Eq. (2) by relaxing all geometrie§f, } = 0), and by per- . - .
; . . . - for the change in the O binding energy. We emphasize that
forming exclusively iso-electronic changeshe = 0). We the computational cost for obtaining the predicted chamges

constrain all transitions to charge neutral paths by pagitive binding enerav corresnond to a single evaluation of the bind
addition of a proton to any nucleus with the removal ofapro—in engr f?yx nE[) the initi :7% tvm l;’dl luster Atbl i
ton from a second nucleus in the system. Furthermore, we r N9 gy toroxygen to the inttia ato cluster. N

strict ourselves to all geometrically stable and completaugn %lgher order terms i{Z,} and{R, } of the Taylor expansion

mutant pairs with Ry-symmetry as illustrated in right hand n Eg. (1) could be. used to improve the correlation, their as-
panel of Figure 8. sociated computational cost to evaluate the responsetgensi

Figure 7 shows the alchemical potential for the binding ens 9 within linear response theory [38, 39], defeats thgiori

ergy of oxygen to the nanoparticle. The extreme values fonal plrJ]rpose of leveraging exclusively analytical gradseait
p2ind are on the (111) face where the O-atom binds; they falFOget er.
off with distance from the binding site. If the goal is to tune
the binding energy to a desired valy&d can be used to de-
cide which atoms in the system to alchemically change and
in what direction. The best pure-metal for the oxygen reduc-
tion reaction is Pt, which binds O more weakly than Pd. To We have presented numerical evidence that accurate ana-
weaken the binding, Fig. 7 shows that the atoms directly alytical derivatives can be computed for chemical propertie
the binding site should be made more noble by increaling that involve variations in geometry. While test systemsmsho
Alternatively, the second-neighbors can be made less noblgome non-linearity in the alchemical paths, the derivatosn
by decreasing), which is consistent with the ligand effect of be predictive for integer changes in the number of protons as
near surface alloys [35-37]. seen in the binding energy of oxygen to a Pd nanoparticle.
Figure 8 shows the correlation between the actual changeurthermore, once the the property of interest has been cal-
in calculated binding energy due to mutatidd£""d, and the  culated for the initial compound, the corresponding alchem
predicted change in binding energyEPdd\ for dA = 1,  cal derivative can be evaluated with negligible additiaresit.
based on the sum over alchemical potentials in Eq. (9). Finalhen, the effect of alchemical changes throughout the syste
structures A and B have 24, structures C-H have 48, and strucan be estimated without doing additional calculationsatbr
tures 1-J have 72, nuclei alchemically changed from théahit the various possible final compounds. We note that all the
79 atom Pd particle, respectively. All actual changes have&lchemical derivatives required for the results that weorep
been obtained for geometrically relaxed complexes. The corand discuss in Section IV D are in the standard output of the
relation between the prediction from the alchemical pasént employed computer code VASP [28, 29]. This is a promising
evaluated at the initial Pd particle and the calculated gham initial step towards the use of alchemical derivatives fog t
O binding for the alchemically modified final particles isyer gradient-based optimization of materials.
reasonable. Even for changes of upto 72 of the 79 atoms in the On a more fundamental level, this study has shown how
Pd particle, the alchemical potentials give a decent ptiedic  to deal at the electronic structure level with geometrice#-

V. CONCLUSIONS
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